Abstract -Formation of a magnetic hysteresis loop with respect to a bias voltage is investigated theoretically in a spin-valve device based on a single magnetic molecule. We consider a device consisting of two ferromagnetic electrodes bridged by a carbon nanotube, acting as a quantum dot, to which a spin-anisotropic molecule is exchange coupled. Such a coupling allows for transfer of angular momentum between the molecule and a spin current flowing through the dot, and thus, for switching orientation of the molecular spin. We demonstrate that this current-induced switching process exhibits a hysteretic behavior with respect to a bias voltage applied to the device. The analysis is carried out with the use of the real-time diagrammatic technique in the lowest-order expansion of the tunnel coupling of the dot to electrodes. The influence of both the intrinsic properties of the spin-valve device (the spin polarization of electrodes and the coupling strength of the molecule to the dot) and those of the molecule itself (magnetic anisotropy and spin relaxation) on the size of the magnetic hysteresis loop is discussed.
Introduction. -Over the past years, nano-devices comprising individual magnetic molecules have proven to be very prospective for applications in information-storing and -processing technologies [1, 2] . The key properties of such molecules to be utilized there are an energy barrier for spin reversal, arising when a molecule exhibits a large (S > 1/2) effective spin subject to uniaxial magnetic anisotropy [3] , and long relaxation times up to tens of microseconds [4] [5] [6] [7] . As a result, the molecule is magnetically bistable, and its spin can be switched in a controlled way between two metastable states [8] . Such a control of molecular magnetic state, which basically corresponds to manipulation of a bit of information, can be realized either by application of an external magnetic field or by means of spin-polarized currents [9] [10] [11] [12] . In the latter case, the coupling between the molecular spin and tunneling electrons is instrumental in enabling transfer of angular momentum to/from the molecule [10] -the process underlying the current-induced magnetic switching. Recently, it has been experimentally demonstrated that an especially promising setup allowing for implementation of such a coupling involves a carbon nanotube (CNT) on the top of which a magnetic molecule is grafted [13] [14] [15] . For instance, Urdampilleta et al. [13] have shown that a device with nonmagnetic electrodes but with two molecules attached to a CNT can still effectively act as a spin valve. The observed spin-valve effect is conditioned there by a relative orientation of magnetic moments of the molecules, which can be changed by an externally applied magnetic field. Interestingly, the device also displayed a hysteretic behavior with respect to this field.
Motivated by these developments, in this letter we consider the dynamical aspects of current-induced spin reversal of a single molecule embedded in a magnetic tunnel junction. For this purpose, using the real-time diagrammatic technique in the regime of sequential tunneling of electrons through the device, we study the time evolution of expectation values of relevant spin operators. We show that the process of spin reversal strongly depends on the bias voltage applied to the system, which results in formation of a magnetic hysteresis loop with respect to applied bias. The properties of this hysteretic behavior are thoroughly analyzed for various different parameters of both the junction, as well as the molecule itself. We (b) Energy spectrum of the QD-molecule system (for S = 2) at the particle-hole symmetry point (ε/U = −0.5) and for the antiferromagnetic exchange interaction J between the molecular spin and the electronic spin of the QD (J/U = 0.01), with U = 10 meV. The states are labeled by the zth component of the total spinŜ t =Ŝ +ŝ, withŝ denoting the QD spin.
note that although the time-dependent transport through magnetic molecules have been a subject of several studies [9] [10] [11] [12] [16] [17] [18] [19] , the effect of magnetic hysteresis with respect to transport voltage and its corresponding properties remain rather unexplored. The aim of this paper is to fill this gap.
Theoretical description. -The model spin-valve device to be considered consists of a carbon nanotube (CNT) embedded into a magnetic junction, as shown in fig. 1(a) . The CNT operates as a single-level quantum dot (QD) on the top of which a magnetic molecule, represented as an effective large spinŜ (S > 1/2), is deposited. It is assumed that such a molecule can in general be spinanisotropic with its spin energetically preferring orientation along some principal axis (z), so that an energy barrier for spin reversal arises. Additionally, this spin couples via exchange interaction to the spinŝ of electrons tunneling through the QD. As a result, a transfer of angular momentum between the molecule and the tunneling current becomes possible, which essentially constitutes the mechanism of controlling the magnetic state of the molecule [10] .
Formally, the Hamiltonian of the device capturing its key features can be expressed as:Ĥ =Ĥ jun +Ĥ QD + H QD-jun +Ĥ mol +Ĥ QD-mol . The first term ofĤ describes a bare junction formed by two metallic ferromagnetic electrodes (both made of the same material), which are modeled as reservoirs of noninteracting electrons,Ĥ jun = qkσ ε q kσĉ q † kσĉ q kσ . The operatorĉ q † kσ (ĉ q kσ ) is responsible for creation (annihilation) of a spin-σ electron with momentum k and the energy ε q kσ in the qth electrode, with q = s(ource), d(rain). Moreover, to enable full reversal of the molecular spin, we assume that spin moments of electrodes are antiparallel with respect to each other [10] , see fig. 1(a) . The single-level QD is characterized by the next term,Ĥ QD = ε σn σ + Un ↑n↓ .
Here,n σ ≡d † σdσ stands for the occupation operator counting electrons of spin σ and energy ε created (annihilated) in the dot with the operatord † σ (d σ ), and U is the charging energy. Note that ε can be adjusted by applying a voltage to a gate electrode. Finally, tunneling of electrons between electrodes and the QD is given byĤ QD-jun = 
Furthermore, the magnetic behavior of the molecule grafted on a CNT [see fig. 1 (a)] is included via the giantspin Hamiltonian [3] ,Ĥ mol = −DŜ 2 z , with D > 0 being the relevant magnetic anisotropy constant. To keep the discussion simple, we additionally assume that the orientation of the magnetic principal (z) axis coincides with that of spin moments in electrodes. Last but not least, the exchange interaction between the molecular spinŜ and the spinŝ of electrons tunneling through the QD, s ≡ (1/2) σσ σ σσ d † σdσ with σ being the vector of Pauli matrices, has the formĤ QD-mol = JŜ ·ŝ. In this study, the exchange coupling parameter J is taken to be positive (J > 0), meaning that the coupling is antiferromagnetic [13] .
Method. -In order to analyze the dynamical aspects of hysteretic behavior of the spin-valve device under consideration, we calculate the time evolution of the expectation values S t z (t), S z (t) and s z (t), corresponding to the zth component of the total (Ŝ t =Ŝ +ŝ), molecular (Ŝ) and QD (ŝ) spin operators, respectively. These can be obtained from
, where P χ (t) describes the probability of finding the QD-molecule system at time t in the eigenstate |χ , withĤ |χ = E χ |χ andĤ =Ĥ QD +Ĥ mol + H QD-mol . These probabilities P χ (t) can be found by solving iteratively in time the following master equation,
for a specified initial condition P(t = 0) = P 0 , where the vector P(t) is formed by probabilities P χ (t). The offdiagonal elements of the matrix W are the relevant transition rates, while the diagonal ones account for the probability outflow from a state |χ ,
In our considerations, W is assumed to be constant in p-2 time. Moreover, W is composed of two contributions,
The first term, W tun , represents the process of sequential tunneling of electrons between the QD and electrodes, and its off-diagonal elements can be derived with the aid of the real-time diagrammatic technique [20, 21] ,
The function
for the Fermi-Dirac distribution in the qth electrode at temperature T (k B -the Boltzmann constant) and with the electrochemical potential µ q . On the other hand, the second term, W rel , takes into account the effect of all sources of spin relaxation affecting the dot and the molecule [3] . Phenomenologically, such relaxation processes can be described by the effective relaxation time τ [22, 23] , and
where
captures the relevant selection rules, i.e.: (i) relaxation processes do not alter the charge of the QD, defined as N (χ) = σ χ|n σ |χ ; (ii) the zth component of the QDmolecule spin, S t z (χ) = χ|Ŝ t z |χ , is changed by no more than one quantum of angular momentum due to such processes.
Numerical results and discussion. -In the following, we analyze the dynamical aspects of spin-dependent transport through a spin-valve device containing a hypothetical magnetic molecule with spin S = 2. The exchange coupling between the QD and the molecule is assumed to be J = 0.1 meV [13] , while for the molecule's magnetic anisotropy constant we take D = 0.1 meV, if not stated otherwise. All calculations are carried out at temperature k B T = 0.5 meV and at the particle-hole symmetry point (ε = −U/2), assuming the charging energy U = 10 meV [24] . Moreover, the coupling between external electrodes and the QD is taken to be Γ = 0.01 meV, and the bias voltage V is applied symmetrically to the source and drain electrodes (i.e., µ s(d) = ∓|e|V /2).
As already mentioned, due to the exchange coupling (below referred to as the 'J-coupling') between spins of electrons tunneling through the QD and the molecular spin, the latter can be stabilized in a specific direction along the molecular principal (z) axis. Whether the spin of the molecule gets oriented parallel or antiparallel with respect to its principal axis is determined by the polarity of V [10] , or in other words, by the direction in which the spin-polarized current flows through the device. Importantly, by changing the polarity of V , the orientation of the molecular spin can be reversed. However, such a magnetic switching process can be initiated only if the bias voltage V exceeds its threshold value V thr , |V | V thr , which can be related to some activation energy δE. Specifically, in the case under consideration for the antiferromagnetic J-coupling (J > 0), one finds V thr = 2δE/|e| (with the factor 2 stemming from the symmetric application of a bias voltage to electrodes), and
The activation energy δE essentially describes here the energy required to change the charge state of the QDmolecule system by one electron. It is indicated in fig. 1(b) as the energy gap between the lowest-in-energy state of the QD-molecule spin multiplet corresponding to the QD occupied by a single electron (squares) and the lowest-inenergy state associated with the empty/doubly occupied QD (dots/circles). On the other hand, for |V | V thr , the rate of processes leading to magnetic switching becomes suppressed, since these processes can then occur only through thermally-activated events. Instead, the slow relaxation of the magnetic moment of the molecule is mainly observed, which arises owing to intrinsic spin relaxation [3] and higher-order spin-flip electron tunneling processes [22] . In this work, such relaxation is taken into account via the effective relaxation time τ . In consequence, one expects that sweeping a bias voltage should in principle give rise to a magnetic hysteresis loop with respect to this voltage. As we show below, such a hysteresis is a dynamical effect, and the characteristic time scale at which it can be observed is conditioned by τ , as well as by the key parameters of the device, such as, the J-coupling and the magnetic anisotropy constant D.
Time evolution of the spin. To understand the mechanism of spin switching and the formation of hysteresis loop as a function of bias voltage, it is important to realize how the spin-dependent tunneling processes affect the magnetic state of the molecule. For positive bias voltage (V > 0), i.e., when the electrons tunnel from the drain to source electrode, the rate for spin-down electrons to jump from the drain to the molecule is much faster than that for spin-up electrons. On the other hand, the spinup electrons can much more quickly leave the molecule to the source electrode compared to the spin-down electrons. These fast tunneling channels are simply associated with the majority spin subbands of the ferromagnets. In consequence of an imbalance between the spin-up and spindown electron tunneling processes, a nonequilibrium spin accumulation develops in the QD-molecule system, so that the spin of the molecule tends to align with the spin moment of the drain electrode, S z → −S. The situation becomes, however, completely reversed when the polarization of the bias voltage is opposite. For V < 0, there is a fast spin-up (spin-down) channel for tunneling from p-3 A. P lomińska et al. the source electrode to the molecule (from the molecule to the drain electrode), such that positive spin accumulation builds up in the molecule, leading to S z → S. As we show in the following, the build-up of spin accumulation is a dynamical effect and, depending on relevant time scales, it can result in the formation of hysteresis loop for the molecular spin with respect to the bias voltage.
An exemplary time evolution is presented in the left column of fig. 2 , which shows the zth component of the total spin S t z , magnetic molecule's spin S z and QD's spin s z as a function of time t for different values of relaxation time τ calculated at V = −5 mV. As an initial state for the time evolution we have assumed the steadystate distribution P 0 = P(t = ∞) taken at V = 10 mV. Let us consider first the case in the absence of spin relaxation τ = ∞. At small times the total spin is stabilized at S t z ≈ −S, as expected for positive bias voltage, however, as the time elapses, the torque transferred to the QD-molecule system by spin-polarized current leads to the reversion of the total spin. This happens at the time scale of the order of a few µs, so that for t 1 µs, S t z → S, see fig. 2(a) . A similar spin-switching can be clearly seen in the zth component of the molecule's spin and the QD's spin. Note, however, that the time scale for spin reversal of QD is shorter compared to that of the molecule. This effect stems from two facts: (i) the molecular spin is much larger and, thus, more angular momentum needs to be transferred to rotate it; (ii) the molecule is only indirectly coupled to the electrodes and angular-momentum (spin) transfer occurs through the QD -the molecule can rotate its spin only after the dot's spin has been reversed. The reversal times can strongly depend on the spin relaxation in the system. On can see that for shorter τ , the maximum achievable average value of the spin in the long time limit becomes reduced and, consequently, the spin reversal is not complete. Moreover, while decreasing τ clearly lowers the time scale for reversing the spin of the molecule, it hardly affects the time scale for changing the spin of the dot. Finally, in the limit of very fast relaxation (τ → 0), the spin immediately relaxes, i.e., S t z ≈ 0. In the remaining discussion, we assume an experimentally relevant value of the relaxation time τ = 1 µs, corresponding to typical τ for magnetic molecules at k B T = 0.5 meV [25] . Also worthy of note here is that in general the relaxation time strongly depends on both the temperature and the strength of coupling to external reservoirs [5-7, 26, 27] .
Formation of hysteresis loop. Now, let us consider the mechanism of the formation of the spin hysteresis loop with respect to the bias voltage. First, for V = 0, as an initial distribution of occupation probabilities for the time evolution, P 0 , we take the Boltzmann distribution P 0 = P eq . Next, we increase the bias voltage, V > 0, and analyze how the expectation values of the corresponding spins, i.e., S t z (t fin ), S z (t fin ) and s z (t fin ), is contingent on the bias voltage V and the final time of evolution t = t fin , see the right column of fig. 2 . Because for large enough bias voltages the system reaches the steadystate for assumed final times (i.e., the spin does not depend on final time any more), we stop increasing the voltage at V = 10 mV, and then begin the backward sweep, gradually decreasing the bias voltage from V = 10 mV to V = −10 mV. The direction of the voltage change is indicated in the figure by relevant arrows. For this backward sweep, we now assume that the initial state of the system is described by P 0 = P(t = ∞) at V = 10 mV. Experimentally, it would correspond to the situation when one applies a large positive bias voltage to initialize the spin state of the system, and then, by changing the applied voltage, studies its evolution after time t = t fin . One can see that with lowering the voltage the expectation values of the corresponding spins follow the lower branch of the loop, and only when a large negative bias is applied the spin can be reversed. As soon as the full spin reversal takes place, we again start augmenting the bias voltage and perform a full forward sweep, changing V from V = −10 mV to V = 10 mV. As an initial probability distribution for this sweep we take P 0 = P(t = ∞) at V = −10 mV. Now, one follows the upper branch of the loop obtaining the switching only after the bias voltage has changed its polarity (sign) and exceeded a certain threshold value. As a result, by sweeping the voltage back and forth with appropriate initialization of the system, one obtains a pronounced hysteresis loop of the total spin, which is presented in fig.  2(d) . Noticeably, a similar hysteretic behavior is observed for both the dot's spin and the spin of the bare molecule, which are displayed in figs. 2(e) and (f).
As can be seen in the right column of fig. 2 , the magnitude of the hysteresis loop strongly depends on the final time of the system's evolution. For assumed parameters, the loop closes when t fin 10 µs, and for larger t fin one only observes the change of the spin direction in response to reversing the voltage polarity. For shorter t fin , however, the hysteresis loop forms, and the spin behavior depends on the direction of the bias voltage sweep. The observed hysteresis loop is, thus, clearly a dynamical effect and it becomes larger for shorter final times t fin . For the purpose of further analysis, we take the final time to be equal to t fin = 2 µs. For this choice of t fin the molecular system does not reach the stationary state yet, which gives rise to a pronounced magnetic hysteresis loop effect.
Noteworthily, the magnitude of hysteretic behavior is strongly conditioned by the value of the relaxation time τ . The inset in fig. 2(b) demonstrates how the area of the hysteresis loop Ω/Ω(τ = ∞) of the molecular spin S z changes as a function of the relaxation time τ , where Ω(τ = ∞) is the area of the hysteresis loop calculated in the absence of spin relaxation. One can see that small τ results in a suppression of the hysteresis loop, which is due to the fast relaxation of the molecular system to the stationary state.
Dependence on intrinsic parameters of the system. We now focus on how the behavior of the hysteresis loop effect changes when the intrinsic parameters of the device are varied. The dependence of the expectation value of the molecular spin S z on the bias voltage for τ = 1 µs, calculated for different values of molecule's magnetic anisotropy D, exchange coupling J and electrode's spin polarization p, is shown in fig. 3 . We begin with the analysis of the impact of the magnetic anisotropy on the behavior of the hysteresis loop. It is important to note that D strongly determines the energy spectrum of the molecule. The increase of D significantly changes the arrangement of the spin multiplets of the molecule, and gradually leads to their overlap. Moreover, it also results in an increase of the energy barrier for the process of magnetic switching by spin transfer. Consequently, the stabilization of the system takes much more time for larger D, and it manifests itself as a gradual increase of the bias voltage where the hysteresis loop develops, see fig. 3(a) . However, at the same time, the height of the loop becomes reduced, so that the area of the loop very weakly depends on D for considered parameters. The size of the hysteresis loop is also strongly determined by the strength of the antiferromagnetic J-interaction betweenŜ andŝ, see fig. 3(b) . When the spinpolarized current flows through the QD, due to this finite exchange coupling, angular momentum can be transferred to the magnetic molecule, exerting a spin-transfer torque acting on the molecule. This torque can, in turn, lead to the reversal of the spin of the molecule. The increase of the strength of the J-coupling facilitates the transfer of angular momentum (spin) to the molecule, and it accelerates the process of magnetic switching. A consequence of this effect is the narrowing of the hysteresis loop as the J-coupling becomes larger, see fig. 3(b) .
The last aspect that we study is the dependence of the hysteresis loop on the spin polarization p of external leads, which is presented in fig. 3(c) . Now, one can clearly see the development of hysteretic behavior as p increases. In the case of non-magnetic leads (p = 0), the molecule remains unpolarized, with S z = 0. However, already relatively low spin polarization of the electrodes results in unequal occupation of the molecular spin states, so that S z = 0 and the effect of hysteresis loop as a function of voltage emerges. This effect is further enhanced for larger p, and one can observe a nearly perfect switching when the leads are close to half-metallic. The dependence of the magp-5 nitude of the hysteresis loop on the spin polarization of electrodes is explicitly presented in fig. 3(d) . This figure shows the area of the hysteresis loop of the magnetic molecule Ω/Ω(p = 1) as a function of p, where Ω(p = 1) denotes the area of the loop for p = 1. It can be seen that the size of the hysteresis grows relatively fast for small spin polarization, such as, p ≈ 0.2 with Ω/Ω(p = 1) ≈ 0.5, while it slows down above p ≈ 0.4, where one already finds Ω/Ω(p = 1) ≈ 0.8, see fig. 3(d) .
Conclusions. -In this letter we have investigated the dynamical aspects of transport through a molecular spin-valve device consisting of a CNT-based QD with an attached molecular magnet [13] , embedded in a magnetic tunnel junction. The calculations were performed using the real-time diagrammatic technique in the lowest-order of perturbation expansion with respect to the coupling strength to external leads. We assumed that the magnetizations of the source and drain ferromagnetic electrodes form the antiparallel magnetic configuration, due to which an imbalance of spin-resolved tunneling processes occurs. This imbalance results in a spin-transfer torque that can be transferred to the magnetic molecule and enable the manipulation of its spin. Consequently, depending on the initial state of the molecule, the current flow can either result in the stabilization of the molecular spin or cause its rotation. Changing the direction of the current flow, it is thus possible to address the spin of the molecule in a desired manner. Here, we have in particular demonstrated that the spin of the molecule exhibits a hysteretic behavior with respect to the bias voltage, which is related to the fact that the process of magnetic switching strongly depends on the direction of the current flowing through the system. We have analyzed how the hysteresis loop is affected by various parameters of the system. First of all, the hysteresis is a dynamical effect, which disappears for times longer than tens of µs, and it can be also suppressed by fast relaxation processes. Moreover, it turned out that the magnitude of the hysteresis loop is greatly conditioned by the spin polarization of the external leads, the strength of coupling between the QD and the molecule, but only rather weakly by the value of molecular magnetic anisotropy constant. * * * 
